ABSTRACT: Development of a mild (35°C, no Brønsted acids) tandem Wacker oxidation−dehydrogenation of terminal olefins was accomplished using palladium(II) and hypervalent iodine co-catalysis. The reaction affords linear aryl and alkyl α,β-unsaturated ketones directly from readily available terminal olefins in good yields (average 75% per step) with excellent functional group tolerance and chemo-and stereoselectivities. The hypervalent iodine co-catalyst was found to be critical for dehydrogenation but was not effective as a stoichiometric oxidant. C H functionalization reactions, 1 due to their capacity for directly installing valuable functionality onto readily available, robust hydrocarbon skeletons, stand to significantly streamline synthetic routes.
C H functionalization reactions, 1 due to their capacity for directly installing valuable functionality onto readily available, robust hydrocarbon skeletons, stand to significantly streamline synthetic routes. 2 In particular, terminal olefins are appealing starting materials and synthetic intermediates because of their abundance and tolerance of many standard acid−base organic reactions. The ability to selectively transform terminal olefins into "traditional" polar functional groups, especially late in synthetic sequences, continues to be a frontier challenge in reaction development.
3 As a classic example, the Wacker oxidation transforms terminal olefins into methyl ketones in complex molecule settings with outstanding selectivities. 4 Additionally, Pd/sulfoxide-catalyzed C−H oxidation reactions have emerged that introduce O, N, and C (including C−C double bonds via dehydrogenation) functionality at the allylic position of terminal olefins with high functional group tolerance and chemo-and regioselectivity. 5 We herein report a novel olefin/C−H oxidation reaction: Pd(II)/I(III)-catalyzed tandem Wacker oxidation−dehydrogenation that directly and selectively furnishes linear α,β-unsaturated ketones from terminal olefins.
α,β-Unsaturated ketones are a versatile class of synthetic intermediates, readily engaging in Heck reactions, Michael additions, and cycloadditions. Traditionally, these intermediates are prepared via multistep routes (e.g., sulfoxide or selenoxide elimination, 6 Saegusa oxidation 7 ) or from preoxidized starting materials (e.g., carbonyl olefination using stabilized ylides, 8 carbonyl dehydrogenation using stoichiometric reagents). Alternatively, we envisioned that a direct route would be possible from terminal olefins via a novel Pd(II)-catalyzed tandem process: Wacker oxidation to form a methyl ketone, followed by Pd-catalyzed dehydrogenation (Figure 1 ). 10 Significant progress has been made recently in the development of Pd(II)-catalyzed dehydrogenation reactions of cyclic ketones. 11, 12 Despite this, however, no general method has been reported for linear ketone dehydrogenation, due to poor reactivity and competitive overoxidation of aliphatic substrates and their products. 11f,13,14 To overcome these limitations, we hypothesized that a hypervalent iodine(III) reagent would be capable of generating an iodonium enolate from an intermediate methyl ketone (Figure 1 ). The iodine(III) reagent, well-precedented to undergo nucleophilic displacement/reduction, 15 could serve to activate the ketone for exchange with the palladium (e.g., nucleophilic attack by the Pd(0) byproduct of Pd(II)-catalyzed Wacker oxidation) to provide a Pd(II) enolate, thereby overcoming the low inherent reactivity of linear ketones. Moreover, ketone activation via iodonium enolate formation may obviate the need for external Brønsted acids/high temperatures, and therefore limit undesired overoxidation. Herein, we report the discovery and development of a Pd(II)/hypervalent iodine-catalyzed tandem Wacker oxidation−dehydrogenation reaction of terminal olefins.
As shown in Wacker product (2) with poor conversion to the α,β-unsaturated ketone 3 (13% yield, entry 1). In accord with our hypothesis, addition of stoichiometric PhI(OAc) 2 greatly improved the yield of 3 to synthetically useful levels (56% yield, entry 2). Unexpectedly, however, lowering the amount of PhI(OAc) 2 to substoichiometric levels led to no diminishment in reactivity, with 25 mol% proving optimal (entries 3 and 4). Consistent with this, replacing 1 equiv of 1,4-benzoquinone with PhI(OAc) 2 , to test if the I(III) reagent was a competent terminal oxidant for the dehydrogenation step, led to significantly reduced conversion to 3 (entry 5). Other common aryl iodonium(III) or iodonium(V) reagents led to comparable results (entry 6, also Supporting Information). Notably, 2-iodoxybenzoic acid (IBX), an iodine(V) reagent known to directly dehydrogenate ketones in DMSO at elevated temperatures, 9c is a competent catalytic additive but furnished dehydrogenation product 3 from ketone 2 sluggishly under these mild conditions, with or without palladium (entries 6−8). Finally, other previously reported palladium(II) dehydrogenation catalysts 5g,11e,f as well as other common palladium salts were inferior to Pd(CH 3 CN) 4 (BF 4 ) 2 for the tandem process (entries 9−13), while removing the palladium catalyst entirely led to complete elimination of catalysis (entry 14).
We next examined the scope of the tandem Wacker oxidation−dehydrogenation reaction. As shown in Table 2 , electron-rich and electron-poor butenylated arenes delivered the desired α,β-unsaturated ketones 4−7 in good yields (entries 1−4). Ortho-substitution on the arene was tolerated (entry 5), as was a bioactive chromene functionality in benzopyran 9 (entry 6). Notably, nonactivated, aliphatic substrates also underwent tandem oxidation in good yields under these mild reaction conditions (average 75% yield per step). It is significant to note that these are the highest yields reported to date for direct, catalytic dehydrogenation of this substrate class.
14 A range of oxygen and nitrogen functionalities are welltolerated in the α-olefin substrates (i.e., benzoates, phthalimides, amides, esters, benzyl ethers; entries 7−12). Amides and b Unreacted Wacker product typically remained in 10−25% yield, accounting for much of the remaining mass balance.
c Isolated yield of 1.0 mmol reaction. d Unreacted Wacker product was recycled once.
e Wacker product was formed in 85% GC yield. esters did not undergo competitive dehydrogenation, demonstrating that the dehydrogenation reaction is chemoselective for ketones over other common carbonyl functionality (entries 10 and 11). This lack of reactivity has been attributed to the higher pK a value of the α-C−H bonds of esters and amides relative to ketone functionality.
11f A γ-stereocenter did not suffer epimerization in 15 despite its potential lability under enolizable reaction conditions; similarly, 16 retained the trans stereochemistry found within the olefin starting material (entries 12 and 13). A disubstituted cyclohexene and an acetate enol ether were both well-tolerated, highlighting the predictable selectivity of the Wacker reaction for terminal olefins (entries 14 and 15). Estrone derivative 19 was isolated in 57% yield; the tandem reaction was tolerant of a benzyl ether and an electron-rich aromatic and proceeded next to the hindered D ring of the steroid core (entry 16). While bishomoallylic substitution on the terminal olefin substrate is well tolerated, olefins with substitution at the homoallylic position, such as allylcyclohexane, undergo facile Wacker oxidation (85% yield) but do not undergo significant dehydrogenation. Only trace quantities of unsaturated ketone 20 were detected (entry 17). Finally, the dehydrogenation reaction proceeds with comparable efficiency starting from the ketone intermediate and is not limited to linear substrates (eq 1). Taken together, our results demonstrate that the Pd(II)/PhI(OAc) 2 -catalyzed tandem Wacker oxidation−dehydrogenation readily converts a range of terminal olefins directly into α,β-unsaturated ketones in good yields, with minimal overoxidation and good functional group tolerance.
A critical question raised by these studies relates to the mechanism by which catalytic hypervalent iodine reagents promote the Pd(II) Wacker oxidation−dehydrogenation reaction. To probe this, we monitored the reaction progress of terminal olefin 1 over time using GC analysis. Wacker oxidation occurred rapidly, with full conversion to methyl ketone 2 accomplished within 3 h, and was not influenced by the addition of PhI(OAc) 2 . The overall kinetic profile of terminal olefin to α,β-unsaturated ketone was monitored with and without PhI(OAc) 2 (Figure 2) . A significant increase in the rate of dehydrogenation was observed in the presence of 25 mol% PhI(OAc) 2 and did not change significantly upon increasing to stoichiometric PhI(OAc) 2 (1 equiv). Additionally, PhI was never observed by 1 H NMR during dehydrogenation.
16
Collectively, this data supports the role of PhI(OAc) 2 as a dehydrogenation catalyst, not a terminal oxidant and therefore excludes mechanisms that generate PhI (e.g., Figure 1 ).
17
Future studies will seek to better understand the reaction mechanism and the role of the hypervalent iodine catalyst.
18
In summary, we herein report the development of a Pd(II)/ hypervalent iodine-catalyzed tandem Wacker oxidation−dehydrogenation reaction of terminal olefins. This reaction provides for the expedient and selective synthesis of a broad range of linear aryl and alkyl α,β-unsaturated ketones directly from terminal olefins. Key to this reaction's broad scope was the discovery of an iodonium(III) co-catalyst that is critical for facilitating dehydrogenation under mild conditions (35°C, no Brønsted acids). 
